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In  year  1  of  this  project,  progress  was  made  on  several  objectives: 


A.  The  sites  and  mechanisms  of  action  on  the  sodium  channel  were  examined 
and  further  defined  for  three  new  classes  of  neurotoxins:  Goniopora 
toxins,  Brevetoxins.  and  Conotoxins. 

B.  Monoclonal  antibodies  with  high  affinity  for  the  mammalian  neuronal 
sodium  channel  were  developed  and  methods  to  screen  them  for  activity  at 
neuxotoxin  binding  sites  were  established. 

C  Site-directed  antibodies  against  defined  regions  of  die  amino  acid 
sequence  of  the  sodium  channel  were  prepared  and  shown  to  bind  at 
discrete  negatively  charged  subsites  on  the  extracellular  surface  of  the 
channel  that  may  form  part  of  neurotoxin  receptor  sites. 


Foreward 


In  conducting  the  research  described  in  this  report,  the  investigators)  adhered  to  the 
"Guide  for  the  Care  and  Use  of  Laboratory  Animals,”  prepared  by  the  Committee  on 
Care  and  Use  of  Laboratory  Animals  of  the  Institute  of  Laboratory  Animal  Resources, 
National  Research  Council  (DHEW  Publication  No.  (NIH)  78-23,  Revised  1978). 


Research  Report 


In  this  first  year  of  the  project,  we  have  analyzed  the  effects  of  several  new  neurotoxins 
on  voltage-sensitive  sodium  channels  in  mammalian  neurons,  developed  the  first 
monoclonal  antibodies  against  the  sodium  channels  of  mammalian  neurons,  and  probed 
the  functional  effects  of  polyclonal  antisera  directed  at  selected  sites  in  the  sodium 
channel  structure. 

A.  Neuro toxin  Action  on  Sodium  Channels 

1.  Site  and  Mechanism  of  Action  of  Goniopora  Toxin  fGPD  Goniopora  toxin  (GPT)1  is 
a  polypeptide  of  9,700  daltons  isolated  from  the  coral  Goniopora  spp.  (1).  The  toxin 
enhances  neurally  mediated  contraction  of  blood  vessels  and  taenia  coli  of  the  guinea  pig 
(2)  and  has  a  positive  inotropic  action  on  the  myocardium  (3).  The  myocardial  effects  of 
GPT  are  due  to  a  prolongation  of  the  action  potential  caused  by  a  sustained  inward 
current  which  is  reversed  by  low  sodium  medium  and  by  tetrodocoxin,  a  specific  inhibitor 
of  voltage-sensitive  sodium  channels  (4).  These  results  suggest  that  GPT  may  alter 
sodium  channel  gating  as  part  of  its  mechanism  of  action.  Voltage  damp  analysis  of  the 
effects  of  GPT  on  sodium  currents  in  crayfish  giant  axons  shows  that  inactivation  of 
sodium  channels  is  markedly  slowed  (5).  In  this  work,  we  determined  the  actions  of  GPT 
on  sodium  currents  in  neuroblastoma  cells  using  the  gigaohm  seal  voltage  clamp 
technique  in  the  whole  cell  configuration  (6,7)  and  we  examined  the  interaction  of  this 
toxin  with  previously  defined  neurotoxin  receptor  sites  on  the  sodium  channel  using 
radioligand  binding  and  ion  flux  methods  (8-11). 

Figure  LA  shows  a  family  of  sodium  currents  in  an  N18  neuroblastoma  cell  before 
applying  GPT.  The  sodium  channels  are  activated  within  1  msec  and  are  inactivated 
before  the  end  of  the  8.73  msec  test  pulse  period.  This  recording  was  obtained  50  min 
after  making  a  seal  between  the  cell  membrane  and  the  micropipet.  At  this  time,  the 
exchange  of  ions  between  the  cell  membrane  and  the  micropipet  was  complete  and  the 
amplitude  of  the  sodium  currents  and  the  sodium  equilibrium  potential  were  constant 
Then  50  ml  of  1  x  10-5  M  GPT  were  added  to  the  bathing  medium  approximately  5  mm 
from  the  cell.  Figure  IB  shows  a  family  of  sodium  currents  from  the  same  cell  3  min 
after  adding  GPT  to  the  dish.  The  decay  of  the  sodium  currents  was  markedly  slowed  so 
that  the  currents  were  no  longer  inactivated  fully  at  the  end  of  the  test  pulse  period.  The 
maximum  sodium  currents  elicited  by  all  test  pulse  potentials  examined  were  increased 
after  the  addition  of  the  toxin.  The  increases  in  current  amplitude  are  shown  more  clearly 
in  Figure  1C  and  D 

in  which  the  sodium  currents  elicited  by  the  same  test  pulse  before  and  after  the  addition 
of  the  toxir  are  superimposed.  The  peak  currents  increased  2.7-  and  1.3-fold  at  test  pulse 
potentials  of  -20  mV  and  0  mV,  respectively.  The  mean  increase  in  3  cells  tested  was 
2.31  +  0.34  (S.D.)  at  -20  mV  and  1.39  +  0.15-fold  at  0  mV.  Reversal  potentials  of  the 
currents  calculated  from  the  above  measurements  were  unaffected  by  GPT  (+72.3  mV  vs 
+71.5  mV). 

The  voltage  dependence  of  steady  state  sodium  channel  inactivation  during  100 
msec  prepulses  is  illustrated  in  Figure  2.  In  the  absence  of  GPT  (O),  half  maximal  inacti¬ 
vation  is  observed  at  62.7  mV.  GPT  shifts  the  steady  state  inactivation  curve  by  6.0  +  2.5 
mV  (S.D.,  n=3)  in  the  positive  direction  with  little  decrease  in  the  steepness  of  the  curve 
(•).  In  addition,  GPT  causes  inactivation  to  be  incomplete.  Even  after  100  msec  at  -20 
mV,  more  than  5%  of  the  sodium  cument  remains  (Figure  2,  •). 
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The  voltage  dependence  of  activation  of  sodium  channels  is  also  altered  by  GPT. 
The  toxin  increases  sodium  current  more  at  small  depolarizations  than  at  large  depolar¬ 
izations  (Figure  1CJD).  Therefore,  when  normalized  conductance-voltage  curves  for  acti¬ 
vation  are  plotted,  GPT  shifts  the  potential  for  half  maximal  activation  from  -10.7  mV  to  - 
19.9  mV  (Figure  2).  The  mean  value  of  the  negative  shift  in  3  cells  examined  was  -9.8  + 
2.1  mV  (S.D.)  A  similar  effect  is  observed  with  other  toxins  and  treatments  that  slow  or 
block  inactivation  of  sodium  channels  in  N18  cells  (18). 

Polypeptide  neurotoxins  from  the  scorpions  Leiurus  quinqucstriatus  or  Buthus 
eupeus  the  sea  anemones  Homostichanthus  duerdemi  or  Anemonia  sulcata  slow  the 
inactivation  process  of  sodium  channels  and  bind  to  sodium  channels  in  a  voltage- 
dependent  manner  (7,842-16).  The  effect  of  GPT  on  the  sodium  conductance  at  different 
holding  potentials  was  quantitated  as  the  fraction  of  the  sodium  conductance  remaining  3 
msec  after  the  peak  (7).  The  sodium  conductance  at  this  time  is  practically  zero  in  the 
absence  of  the  toxin  (see  Figure  1)  and  is  increased  in  proportion  to  the  number  of 
channels  modified  by  the  toxin.  The  effect  of  30  nM  or  60  nM  GPT  becomes 
progressively  smaller  when  the  holding  potential  is  depolarized  between  -80  and  +40 
mV.  At  potentials  more  negative  than  -80  mV,  the  effect  of  GPT  is  approximately 
constant.  Figure  3  illustrates  apparent  Kd  values  of  the  toxin  calculated  from  the 
following  relation  derived  by  assuming  one-to-one  binding  of  the  toxin  to  sodium 
channels. 


Kd  =  [GPT](Fg/Fg  - 1) 

Here  Fg  and  Fg  are  the  fractions  of  sodium  conductance  remaining  3  msec  after  the 
peak,  and  the  maximum  fraction  at  saturating  GPT,  respectively.  Fg  is  0.75  +  0.05 
(S.D.,  n=3)  following  an  experiment  in  the  presence  of  500  nM  GPT  (see  Figure  1).  A 
linear  relationship  was  obtained  between  the  holding  potential  and  logarithm  of  the  Kd 
from  -80  to  +40  mV.  Between  these  potentials  the  apparent  Kd  increases  e-fold  for  each 
48.3  mV  of  depolarization. 

We  examined  the  effect  of  ionic  composition  of  the  bathing  medium  on  GPT 
action  since  preliminary  biochemical  experiments  on  GPT  action  did  not  detect  toxin 
effects  in  medium  which  contained  120  mM  choline  and  only  10  mM  Na+.  In  these 
experiments,  the  recording  micropipet  contained  140  mM  NaF  and  20  mM  CsCl  to  allow 
measurement  of  outward  currents  in  sodium-free  external  medium.  The  holding  potential 
was  maintained  at  -80  mV  and,  following  a  prepulse  to  -120  mV  for  100  msec,  sodium 
currents  were  stimulated  by  test  pulses  at  membrane  potentials  from  -40  mV  to  +60  mV 
in  intervals  of  10  mV.  The  presence  of  GPT  did  not  slow  the  inactivation  process  of 
sodium  channels  in  sodium-free  external  medium.  The  time  constants  of  the  decay  of  the 
sodium  current  during  a  test  pulse  to  +10  mV  in  choline  medium  and  in  normal  medium 
were  0.55  +  0.02  msec  (S.D.,  n=2)  and  0.64  +  0.08  msec  (S.D.,  n=2),  respectively.  For 
comparison,  outward  sodium  currents  were  recorded  in  choline  medium  containing  200 
nM  Lqtx.  The  inactivation  of  the  sodium  channels  was  markedly  slowed  in  the  presence 
of  500  nM  GPT.  The  slowing  of  the  decay  of  sodium  current  by  200  nM  Lqtx  in  the 
choline  medium  was  similar  to  that  in  normal  medium.  The  mean  decay  time  constants 
were  6.94  +  0.98  (S.D.,  n=2)  and  7.02  +  0.86  (S.D.,  n=2)  msec  for  a  test  pulse  to  +10  mV 
in  normal  and  choline  medium,  respectively.  The  modified  sodium  currents  with  Leiurus 
toxin  were  completely  blocked  after  an  addition  of  TTX.  Thus,  the  effect  of  GPT  on 
inactivation  is  lost  in  Na+-free  medium  whereas  the  effect  of  Lqtx  is  retained. 

The  dependence  of  the  effect  of  GPT  on  external  sodium  ion  concentration  was 
determined  as  follows.  Prior  to  recordings,  cells  were  incubated  in  choline  medium 
containing  200  nM  GPT  at  370C  for  30  min  as  described  under  Experimental  Proc  edures. 


Soon  after  making  a  seal  between  the  ceil  membrane  and  a  micropipet,  the  amplitude  of 
the  outward  sodium  currents  increased  as  Na+  from  the  pipet  diffused  into  the  ceiL  After 
20  min,  the  current  amplitude  became  constant  Tne  concentration  of  Na+  in  the  bathing 
medium  was  increased  stepwise  every  6  min  to  a  final  level  of  75  tnM  by  adding  normal 
recording  medium  containing  200  nM  GPT.  Finally,  the  Na+  concentration  was  raised 
above  75  mM  by  addition  of  2.5  M  NaG  to  the  bath  2  cm  from  the  cell.  Figure  4 
illustrates  the  relationship  between  Na+  concentration  in  the  medium  ami  the  fraction  of 
sodium  conductance  remaining  3  msec  after  the  peak  of  sodium  current  during  a  test 
pulse  to  +40  mV,  as  an  indicator  of  the  toxin  effect  on  sodium  channel  inactivation.  A 
linear  relationship  is  observed  between  0  and  197  mM  Na+.  Thus,  Na+  acts  at  one  or 
more  low  affinity  binding  sites  which  are  not  saturated  within  die  physiological  range  of 
Na+  concentration  for  vertebrates,  but  may  saturate  at  the  higher  concentration  in  sea 
water,  the  normal  environment  for  coral  toxin  action. 

Li+,  K+,  Rb+,  and  Cs+  were  tested  to  determine  whether  they  would  substitute 
for  Na+  in  sustaining  the  action  of  GPT  on  sodium  channels.  For  Na+  and  for  Li+,  which 
are  transported  well  by  the  sodium  channel,  the  internal  pipet  medium  was  90  mM  CsF, 
60  mM  CsG  and  10  mM  NaG,  and  inward  currents  were  measured.  For  K+,  Rb+,  and 
Cs+,  which  are  only  slightly  permeant,  the  internal  pipet  medium  was  140  mM  NaF,  20 
mM  CsG  and  outward  currents  were  measured.  In  the  absence  of  GPT,  the  kinetics  of 
the  outward  and  inward  currents  flowing  through  the  sodium  channels  and  blocked  by 
TTX  in  the  presence  of  these  cations  were  similar  to  those  in  normal  medium  orchotine 
medium.  The  effectiveness  of  these  cations  on  the  action  of  GPT  on  sodium  channels  was 
compared  by  estimating  the  sodium  channel  conductance  remaining  at  3  msec  after  the 
peal:  conductance  during  the  test  pulse  to  +10  mV.  The  middle  column  in  Table  1  shows 
the  fraction  of  conductance  remaining  in  the  presence  of  200  nM  GPT  and  the  values  are 
normalized  to  those  in  normal  medium  in  the  right  column.  Sodium  ion  has  the  strongest 
effect  on  sustaining  the  actions  of  GPT  on  sodium  channels  and  the  order  of  the 
effectiveness  of  the  other  five  cations  tested  was  Na+  >  K+  >  Rb+  >  Li+  >  Cs+  » 
choline+. 

The  effect  of  GPT  to  slow  sodium  channel  inactivation  without  markedly  altering 
channel  activation  resembles  the  actions  of  a- scorpion  toxins  and  sea  anemone  toxins 
which  act  at  neurotoxin  receptor  site  3  on  the  sodium  channel.  In  order  to  determine 
whether  GPT  acts  at  this  same  receptor  site,  we  examined  its  effect  on  specific  binding  of 
125l-labeled  scorpion  toxin  from  Leiurus  quinquestriatus  to  sodium  channels  in  N18 
cells.  Specific  binding  of  125l-Lqtx  was  competitively  blocked  by  unlabeled  Lqtx  with 
half  maximal  effect  at  1  to  2  nM  (Figure  5  A)  as  expected  from  previous  work  (8,10).  In 
choline  medium,  no  effects  of  GPT  on  specific  binding  of  125l-Lqtx  were  observed  at 
concentrations  ranging  from  10  nM  to  1  mM  (figure  5A).  In  sodium  medium,  a  small 
inhibition  of  binding  was  observed  at  concentrations  above  100  nM.  However,  this  may 
have  resulted  from  depolarization  of  the  cells  since  it  was  reduced  by  1  mM  tetrodotoxin 
(data  not  shown).  At  the  resting  membrane  potential  of  N18  cells  (-41  mV),  the  apparent 
Kd  for  GPT  action  on  sodium  channels  is  approximately  36  nM  (figure  3).  Therefore, 
the  failure  of  GPT  to  competitively  block  binding  of  125i-Lqtx  at  much  higher 
concentrations  indicates  that  its  physiological  effects  on  sodium  channel  inactivation  arc 
not  mediated  by  binding  at  neurotoxin  receptor  site  3. 

We  also  examined  the  effect  of  GPT  on  125l-Lqtx  binding  in  synaptosomes 
(figure  5B).  In  this  experimental  preparation,  GPT  caused  more  marked  inhibition  of 
l25i-Lqtx  binding.  Inhibition  in  Na+  medium  (O)  was  greater  than  in  choline  medium 
(O).  As  for  N18  cells,  the  inhibition  in  Na+  medium  was  partially  reversed  by  TTX, 
suggesting  that  it  may  result  in  part  from  depolarization.  Ten-fold  higher  concentrations 
of  GPT  were  required  to  block  I25l-Lqtx  binding  than  to  slow  inactivation  of  sodium 


channels.  Thus,  these  results  with  synaptosomes  also  support  the  conclusion  that  GFT 
action  to  slow  sodium  channel  inactivation  does  not  require  interaction  at  neurotoxin 
receptor  site  3. 

Sea  anemone  toxins  and  a-scorpion  toxins  enhance  the  persistent  activation  of 
sodium  channels  caused  by  veratridine,  batrachotoxin,  and  other  neurotoxins  acting  at 
receptor  site  2  on  the  sodium  channel  through  an  allosteric  mechanism  (9).  Since  GPT 
slows  sodium  channel  inactivation  like  a-scorpion  and  sea  anemone  toxins,  we  have 
examined  whether  it  would  also  enhance  veratridine- stimulated  22Na+  influx  into  N18 
cells.  GPT  does  increase  the  initial  rate  of  22Na+  influx  in  the  presence  of  a  saturating 
concentration  of  veratridine  (200  mM).  However,  it  is  much  less  effective  than  Lqtx 
causing  only  a  1.9-fold  enhancement  at  1  mM,  In  agreement  with  the  neurotoxin  binding 
results,  addition  of  1  mM  GPT  to  samples  treated  with  200  nM  Lqtx  does  not  reduce  the 
rate  of  22Na+  influx  appreciably,  indicating  that  it  does  not  compete  with  Lqtx  for 
binding  at  neurotoxin  receptor  site  3. 

Two  classes  of  polypeptide  neurotoxins  which  slow  sodium  channel  inactivation 
have  been  described  previously!  the  a-scorpion  toxins  and  the  sea  anemone  toxins 
(reviewed  in  17).  Although  these  two  families  of  toxins  do  not  share  detectable  amino 
acid  sequence  homology,  they  both  bind  in  a  voltage-dependent  manner  to  neurotoxin 
receptor  site  3  on  the  sexiium  channel  and  slow  channel  inactivation.  The  amino  acid 
sequence  of  GPT  has  no  homology  with  the  sequence  of  scorpion  or  sea  anemone  toxins. 
Although  GPT  also  slows  sodium  channel  inactivation,  several  features  of  its  action 
distinguish  it  from  the  scorpion  and  sea  anemone  toxins  that  have  been  studied.  The 
failure  of  GPT  to  block  specific  scorpion  toxin  binding  to  neurotoxin  receptor  site  3  in 
either  choline  recording  medium  or  normal  recording  medium  at  physiologically 
effective  concentrations  provides  direct  support  for  this  conclusion.  These  results 
therefore  define  a  new  locus  on  the  extracellular  aspect  of  the  sodium  channel  that  can 
selectively  alter  the  process  of  inactivation.  It  will  be  of  interest  to  examine  the 
interactions  between  GPT  and  neurotoxins  known  to  act  at  other  receptor  sites  on  the 
solium  channel  and  to  identify  the  site  of  GPT  action  within  the  structure  of  the  sodium 
channel  protein. 

2.  Site  of  Action  of  Brevctoxin.  The  toxins  from  the  marine  dinoflaggelate 
Plvchodiscus  brevis  are  candidates  for  action  at  a  new  toxin  receptor  site.  Partially 
purified  preparations  of  Ptvchodiscus  brevis  toxins  cause  repetitive  firing  in  the  squid 
giant  axon  (20),  increase  the  frequency  of  action  potentials  in  the  crayfish  nerve  cord 
(21),  cause  acetylcholine  release  from  nerve  endings  (22),  and  depolarize  skeletal  muscle 
(23).  These  effects  are  blocked  by  low  sodium  solutions  or  by  tetrodotoxin  (20,22,23),  a 
specific  inhibitor  of  sodium  channels  in  nerve  and  muscle  (24),  suggesting  that  P.  brevis 
toxins  may  affect  sodium  channel  function. 

Two  nonprotein  toxins  from  P.  brevis  have  been  purified  to  homogeneity  by  high 
pressure  liquid  chromatography  and  designated  T46  and  T47  on  the  basis  of 
chromatographic  properties  (25).  More  recently,  these  toxins  have  also  been  purified  by 
repeated  flash  chromatography  and  renamed  brevetoxin  A  and  brevctoxin  B,  respectively 
(26).  Brevetoxin  B  has  been  determined  by  X-ray  crystallography  (26)  to  be  a  rigid 
ladderlike  structure  consisting  of  1 1  contiguous  fused  ether  rings  with  a  molecular  weight 
of  894.  In  our  previous  work  (27),  we  have  examined  the  effects  of  brevetoxin  A,  the 
most  potent  of  the  pure  toxins  (25,26),  on  sodium  channels  in  cultured  neuroblastoma 
cells.  We  found  that  this  toxm  enhances  the  persistent  activation  of  sodium  channels  by 
neurotoxins  acting  at  neurotoxin  receptor  site  2  such  as  veratridine  and  batrachotoxin. 

The  value  of  K0.5  for  activation  by  both  toxins  was  reduced  and  the  maximum  fraction 
of  sodium  channels  activated  by  the  partial  agonist  veratridine  was  markedly  increased. 


In  view  of  the  similarity  of  brevetoxin  A  action  to  the  actions  of  the  a-scorpion  and  sea 
anemone  toxins,  we  propose  that  it  also  acts  as  a  heterotropic  allosteric  modulator  of 
sodium  channel  activation  which  reduces  the  value  cf  the  allosteric  constant,  Mrt> 
governing  channel  activation  (8).  By  reducing  the  energy  required  to  activate  a  channel, 
brevetoxin  A  would  increase  the  probability  of  channel  activation.  This  mechanism 
□tight  lead  to  the  repetitive  action  potentials  observed  in  nerve  preparations  incubated 
with  brevetoxins.  Further  experiments  will  be  required  to  detennine  if  this  action  is 
sufficient  to  account  fullv  for  the  effects  of  the  toxins. 

Because  the  enhancement  of  alkaloid  toxin  activation  by  brevetoxin  resembles  the 
effects  of  the  polypeptide  toxins,  it  was  of  interest  to  detennine  whether  brevetoxin  binds 
at  neurotoxin  receptor  site  3  on  the  sodium  channel.  Specific  binding  of  125l-labelled 
scorpion  toxin  to  sodium  channels  in  neuroblastoma  cells  was  measured  in  the  presence 
of  increasing  brevetoxin  A  concentrations  from  10  to  1000  ng/mL.  Brevetoxin  A  had  no 
effect  on  the  binding  of  scorpion  toxin  demonstrating  that  it  does  not  occupy  neurotoxin 
receptor  site  3  on  the  sodium  channel  (27). 

We  have  also  tested  binding  of  brevetoxin  A  to  neurotoxin  receptor  site  1  on  the 
sodium  channel.  Specific  binding  of  (3H]saxi  toxin  to  sodium  channels  in  neuroblastoir 
cells  was  measured  at  concentrations  of  brevetoxin  A  from  10  to  1200  ng/mL.. 

Brevetoxin  A  did  not  block  saxitoxin  binding  and  may  have  slightly  enhanced  it  (27). 
Thus,  brevetoxin  A  does  not  bind  to  neurotoxin  receptor  sites  1  or  3  in  exerting:  its  effects 
on  sodium  channels. 

Sodium  channels  in  synaptosomes  have  the  same  properties  as  those  in 
neuroblastoma  cells  with  respect  to  neurotoxin  binding  and  action  (28,29).  Moreover, 
since  the  number  of  sodium  channels  per  mg  of  protein  is  much  greater  in  synaptosomes, 
they  have  proven  to  be  a  more  useful  preparation  for  many  biochemical  studies  of 
channel  properties.  Binding  of  neurotoxins  to  receptor  site  2  on  the  sodium  channel  can 
be  studied  using  (3H]batrachotoxinin  A  20-a-benzoate  ([3H]BTX-b)  as  a  site-specfic 
probe  (19,21).  Specific  binding  of  [3H]BTX-b  is  quite  low  when  tested  alone  but  is 
increased  20-fold  when  measured  in  the  presence  of  scorpion  toxin  (19)  as  expected  from 
previous  ion  flux  studies  demonstrating  allosteric  interaction  between  neurotoxin 
receptor  sites  2  and  3  (8).  Under  these  conditions,  specific  binding  to  sodium  channels 
accounts  for  75%  of  total  [3H]BTX-b  binding,  has  a  Kd  of  70  nM,  and  is  completely 
blocked  by  appropriate  concentrations  of  unlabeied  batrachotoxin,  veratridine,  and 
aconitine  (19). 

Our  ion  flux  experiments  (27)  predict  that  brevetoxin  A,  like  a-scorpion  toxins, 
should  enhance  specific  [3H]BTX-b  binding.  To  examine  this  possibility,  we  measured 
[3H]BTX-b  binding  to  sodium  channels  in  synaptosomes  after  incubation  for  30  min  at 
36°  in  the  presence  of  10  nM  (3H]BTX-b  plus  increasing  concentrations  of  brevetoxin  A 
from  10  to  1000  ng/mL.  Nonspecific  binding  was  measured  in  the  presence  of  300  mM 
veratridine  and  subtracted  from  the  results.  The  data  in  Figure  6  show  that  brevetoxin  A 
does  indeed  increase  specific  [3H]BTX-b  binding.  A  4.3-fold  increase  is  observed  at 
1000  ng/mL  brevetoxin  A  with  a  half-maximal  effect  at  35  ng/mL.  These  results 
correspond  closely  to  the  data  from  our  ion  flux  experiments  with  neuroblastoma  cells. 

At  100  ng/ml,  brevetoxin  A  increased  [3H]BTX-b  binding  3-fold.  Half-maximal  effects 
of  brevetoxin  A  are  observed  at  35  ng/mL  for  (3H]BTX-b  binding  and  50  ng/mL  for 
22]sfa+  influx  (27).  This  close  correlation  supports  the  hypothesis  that  brevetoxin  A  acts 
by  an  allosteric  mechanism  to  enhance  alkaloid  toxin  binding  and  action  at  neurotoxin 
receptor  site  2. 


Our  results  show  that  brevetoxin  A  effects  on  sodium  channels  are  half-maximal 
in  the  range  of  35  to  50  nM.  Since  the  toxin  is  active  at  a  low  concentration,  it  is  likely 
that  it  acts  at  a  specific  receptor  site  on  the  sodium  channel  protein  rather  than  by  a  more 
indirect  mechanism  such  as  alteration  of  general  membrane  properties.  Previous  work 
established  the  existence  of  neurotoxin  receptor  sites  1  through  4  on  the  sodium  channel 
(31).  The  work  presented  previously  (27)  and  our  new  results  suggest  that  the  brevetoxin1? 
do  not  bind  at  neurotoxin  receptor  sites  1  and  3  on  the  sodium  channel.  Additional 
experiments  in  which  brevetoxins  were  shown  to  enhance  the  binding  of  1 25 1- labeled 
Centruroides  suffusus  suffusus  toxin  II  to  neurotoxin  receptor  site  4  on  the  sodium 
channel  eliminate  this  as  the  site  of  brevetoxin  action.  We  conclude  that  the  brevetoxins 
act  at  a  new  neurotoxin  receptor  site  on  the  sodium  channel  which  we  propose  to 
designate  site  5.  Since  brevetoxin  causes  repetitive  tiring  and  modulates  sodium  channel 
activation  by  veratridine,  it  is  likely  that  this  receptor  site  is  located  on  a  region  of  the 
sodium  channel  involved  in  voltage-dependent  gating.  The  brevetoxins  provide  the  first 
potential  probes  of  this  new  receptor  site  on  the  sodium  channel. 

3.  Actions  of  Conotoxins  on  Sodium  Channels.  We  have  carried  out  a 
preliminary  characterization  of  the  electrophysiological  effects  and  sites  of  action  of  two 
new  neurotoxins  from  the  piscivorous  marine  snails  Conus  striatus  (32)  and  Conus 
geoeraphus  (33)  in  collaboration  with  Dr.  Y.  Ohizumi.  Striatoxin,  a  glycopeptide  of 
unknown  structure,  slows  sodium  channel  inactivation.  Its  action  is  voltage-dependent. 

In  these  respects  it  resembles  neurotoxins  acting  at  receptor  site  3  on  the  sodium  channel. 
Geographotoxin  II  is  a  22  residue  polypeptide  containing  hydroxyproline  and  multiple 
disulfide  bridges.  It  blocks  sodium  channels  in  muscle  specifically  with  no  effect  on 
sodium  channels  in  nerve  at  comparable  concentrations.  In  cultured  muscle  cells,  it 
blocks  the  tetrodotoxin- sensitive  sodium  channels  characteristic  of  adult  muscle  but  not 
the  tetrodotoxin-insensitive  sodium  channels  characteristic  of  denervated  and 
uninnervated  muscle.  Thus,  this  toxin  has  a  remarkable  selectivity  among  different 
sodium  channel  classes. 

Like  Gonioporu  toxin  described  above,  the  snail  toxin  striatoxin  also  blocks 
sodium  channel  inactivation  without  altering  toxin  binding  at  neurotoxin  receptor  sites  1 
and  3.  Thus,  it  too  defines  a  new  region  of  the  sodium  channel  which  is  important  for  the 
process  of  inactivation.  It  will  be  considerable  interest  to  determine  whether  these  two 
classes  of  ncurotoxins  share  a  common  site  of  action. 

Geographotoxin  blocks  sodium  channels  in  a  manner  sir  ilar  to  saxitexin  and 
tetrodotoxin.  We  find  that  it  competes  with  these  toxins  for  binding  at  neurotoxin 
receptor  site  1  on  the  sodium  channel  of  skeletal  muscle,  but  not  of  nerve.  Thus,  features 
of  neurotoxin  receptor  site  1  must  differ  betwen  nerve  and  muscle.  This  toxin  will  be 
valuable  to  probe  tissue  specific  structural  elements  of  sodium  channels. 

B.  Production  of  Monoclonal  Antibodies  Against  the  Sodium  Channel. 

The  sodium  channel  is  a  highly  conserved  protein  which  has  proven  to  be  a  poor 
antigen  in  the  hands  of  most  investigators.  Thus,  both  polyclonal  and  monoclonal 
antibodies  prepared  against  sodium  channels  from  eel  electroplax  crossreact  poorly  with 
sodium  channels  in  nerve  and  muscle  (34,35).  Occasional  monoclonal  antibodies  which 
do  crossreact  generally  have  low  affinity  (36,  but  see  37  for  an  exception).  Polyclonal 
and  monoclonal  antibodies  against  solium  channels  from  rat  muscle  crossreact  poorly 
with  nerve  (38,39).  Polyclonal  antisera  against  rat  brain  sodium  channels  do  not 
crossreact  with  rat  muscle  and  actually  cros  react  with  sodium  channels  in  peripheral 
nerve  relatively  poorly  (40).  Antibodies  that  alter  neurotoxin  action  on  sodium  channels 
have  been  observed  in  only  one  case  (37).  These  various  studies  from  several 
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laboratories  all  lead  to  the  conclusion  that  antibodies  are  usually  produced  against  unique 
tissue*  and  species-speciftc  epitopes  on  tire  sodium  channels  rather  than  conserved 
regions  present  in  all  sodium  channels.  Since  the  functional  elements  of  sodium  channels 
and  the  toxin  receptor  sites  which  modulate  channel  function  are  highly  conserved, 
isolation  of  antibodies  against  these  regions  will  require  screening  of  large  numbers  of 
independent  antibody  isolates  or  use  of  new  experimental  approaches. 

In  the  first  year  of  work  on  this  proposal,  we  nave  established  methods  for 
production  and  screening  of  monoclonal  antibodies  using  both  in  vivo  ad  in  vitro 
immunization  techniques  and  have  isolated  the  first  high  affinity  monoclonal  antibodies 
directed  against  sodium  channels  in  mammalian  neurons.  For  in  vivo  immunization, 
mice  were  immunized  with  repeated  does  of  highly  purified  sodium  channels  until  a  high 
titer  of  anti-sodium  channel  antibodies  was  produced.  Splenic  lymphocytes  were  then 
dissociated  from  excised  tissue  and  fused  with  clone  SP2-derived  myeloma  cells  using 
polyethylene  glycol.  Replicating  hybrid  cells  were  selected  in  HAT  medium  and 
screened  'or  secretion  of  anti-sodium  channel  antibodies  in  a  single  step  using  a  specific 
radioimmune  assay  for  sodium  channels  (41).  This  single-step  screening  procedure  with 
highly  purified  sodium  channel  reagents  was  found  to  be  quite  important  in  accurately 
identifying  antibody  secreting  clones  of  interest  within  a  few  days  after  fusion  and 
rapidly  cloning  them.  Using  this  approach,  we  have  isolated  several  hybridoma  ceil  lines 
which  secrete  a  high  titer  of  monoclonal  anti-sodium  channel  antibodies.  Representative 
clones  have  been  injected  into  mice  for  production  of  larger  amounts  of  antibody  in 
ascites  fluids.  Immunoprecipitation  of  sodium  channels  by  ascites  fluids  from  two  of 
these  clones  is  illustrated  in  Figure  7.  Half-maximal  immunoprecipitation  of  sodium 
channels  in  our  radioimmune  assays  is  produced  by  .01  to  .03  mL  of  these  ascites  fluids. 

We  are  currently  in  the  process  of  analyzing  the  effects  of  these  monoclonal 
antibodies  on  neurotoxin  binding  and  action  on  sodium  channels.  Ouriutiai  experiments 
with  binding  of  saxi  toxin  and  Leiurus  scorpion  toxin  have  not  identified  major  effects. 

We  plan  to  continue  this  program  cf  production  and  functional  screening  of  monoclonal 
antibodies. 

The  immune  response  to  conserved  legions  of  proteins  is  often  suppressed  by 
poorly  understood  mechanisms  in  vivo.  It  has  been  suggested  that  these  supptession 
phenomena  can  be  avoided  if  antigen  is  presented  to  lymphocytes  in  vitro  in  ceil  cultures 
(42).  Thus,  in  vitro  immunization  may  provide  an  approach  to  increasing  the  probability 
of  isolation  of  antibodies  against  conserved  functional  regions  of  sodium  channels.  We. 
have  now  established  the  in  vitro  immunization  method  in  our  laboratory.  In  two  trials  of 
immunization  of  freshly  dissociated  cultured  lymphocytes  by  this  method  (42),  we  have 
identified  multiple  hybridoma  clones  producing  antibodies  against  the  sodium  channel, 
but  none  of  these  have  proven  to  have  high  affinity  for  the  channel.  These  clones  have 
not  been  characterized  further.  We  intend  to  apply  this  method  more  extensively  in  the 
next  year  using  assay  procedures  designed  to  detect  high  affinity  antibodies  directed 
against  neurotoxin  receptor  sites  soon  after  fusion  to  form  hybridoraas. 

C.  Site-directed  Antibodies  that  Alter  Neurotoxin  Action 

We  have  now  determined  the  complete  rjnino  acid  sequence  of  the  a  subunit  of 
the  sodium  channel  from  rat  brain  by  cDNA  sequencing  methods  (43).  Most  of  the 
functional  sites  of  the  sodium  channel  reside  on  this  subunit.  We  have  selected  regions 
of  the  a  subunit  that  are  likely  to  be  components  of  receptor  sites  for  positively  charged 
sodium  channel  neurotoxins  like  saxitoxin  and  scorpion  toxin  by  identifying  regions  of 
concentrated  negative  charge  locted  on  the  extracellular  surface  of  the  channel.  The 
corresponding  polypeptides  have  been  synthesized,  covalently  coupled  to  carrier 
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proteins,  and  injected  into  rabbits  to  produce  polyclonal  antisera.  One  of  these  antisera 
has  now  been  characterized  in  detail.  The  binding  of  these  antibodies  to  the  sodium 
channel  is  illustrated  in  Fig'ire  8A.  The  high  affinity  antibodies  in  the  serum  bind  the 
purified  sodium  channel  in  the  nM  concentration  range.  A  Scatchard  analysis  of  the 
antibody  binding  data  suggests  a  Kq  value  of  4.8  nM  for  the  high  affinity  antibodies 
(Figure  8B).  Thus,  these  antibodies  have  high  enough  affinity  to  be  valuable  probes  of 
the  structure  of  the  sodium  channel. 

In  order  to  determine  whether  these  antibodies  bind  to  native  sodium  channels  in 
intact  membranes  and  to  establish  whether  their  binding  site  is  on  the  intracellular  or 
extracellular  face  of  the  membrane,  the  mtistrum  was  incubated  with  intact  or  lysed 
synaptosomes,  bound  antibodies  were  removed  by  sedimentation,  and  the  remaining 
unbound  antibodies  in  the  supernatant  were  quantitated  by  radioimmune  assay.  The 
results  of  Figure  9  show  that  both  intact  and  lysed  synaptosomes  bind  these  site-directed 
antibodies  equivalently.  Thus,  the  antibodies  bind  to  an  epitope  that  is  equally  available 
in  intact  and  lysed  synaptosomes.  This  epitope  is  therefore  present  on  the  extracellular 
surface  of  the  native  sodium  channel.  This  represents  the  first  negatively  charged  site 
identified  on  the  extracellular  surface  of  the  channel  and  it  is  therefore  a  prime  candidate 
for  a  neurotoxin  receptor  site.  These  antibodies  do  not  affect  [3H]  saxitoxin  binding  to 
sodium  channels  indicating  that  this  epitope  does  not  form  part  of  neurotoxin  receptor 
site  1.  Further  studies  to  test  their  effects  on  binding  and  action  of  c  her  neuiotoxins  on 
sodium  channels  are  in  progress. 

Antisera  against  other  defined  channel  regions  are  under  development.  When 
these  become  available,  they  will  be  analyzed  to  deterunne  the  location  of  their  epitope 
and  their  effects  on  neurotoxin  binding  in  order  to  define  a  functional  map  of  the  sodium 
channel. 


TABLE  1 


Comparison  of  the  effects  of  different  ions  on  GPT  action. 


The  ratio  of  the  sodium  conductance  remaining  at  3  msec 
after  the  peak  to  the  peak  conductance  was  measured  in 
experiements  like  the  one  described  in  the  text  for  2  to  4 
cells  for  each  cation.  Mean  ratios  and  standard  deviation 
are  given  along  with  values  normalized  to  those  in  tfa+ 
medium. 


Cation 

^a 

(t 

*  3  msec) 

Sormalized 

Values 

iiNa 

(peak) 

Na+ 

0.60 

+0.07 

1.0 

K+ 

0.51 

+ 

0.17 

0.84 

Rb+ 

0.40 

+ 

0.02 

0.67 

Li+ 

0.35 

+ 

0.04 

0.58 

Cs+ 

0.16 

+ 

0.02 

0.26 

Choline 

0.02 

+ 

0.02 

0.04 

/ 
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